










































































































































































































































Figure	5.1.	Mean	±	95%	CI	for	Total	Distance	(A)	and	High-Speed	Distance	(B)	relative	to	each	training	day.	The	horizontal	dashed	lines	represent	the	mean	Total	Distance	 (A)	and	High-Speed	Distance	 (B)	 for	 the	entire	group	on	each	training	day.		

































































































































































































































































































































































































































































		Field-based	team	sports	require	that	players	compete	in	different	positions	that	have	 specific	 technical,	 tactical	 and	physical	 activity	demands.	 Indeed,	with	 increased	use	of	micro	 technologies	 such	as	GPS	and	accelerometers,	recent	 studies	 have	 described	 different	 positional	 activity	 profiles	 for	 a	variety	of	team	sports	(Austin	et	al.,	2013;	Boyd	et	al.,	2013;	Cummins	et	al.,	2013;	 Suarez-Arrones	 et	 al,	 2014).	 These	 studies	 have	 been	 used	 to	 gain	greater	 insight	 into	sport	 specific	 requirements	and	may	be	used	 to	aid	 in	the	 design	 of	 specific	 training	 sessions	 (Torres-Ronda	 et	 al.,	 2016).	Widespread	profiling	of	activity	profiles	have	been	conducted	in	most	field-based	 team	 sports	 (Austin	 et	 al.,	 2013;	 Boyd	 et	 al.,	 2013;	 Cummins	 et	 al.,	2013;	 Suarez-Arrones	 et	 al,	 2014),	 as	well	 as	 collegiate	 American	 football	(DeMartini	et	al,	2011;	Wellman	et	al.,	2016).			American	 football	is	a	collision-based	sport	characterized	by	high	 intensity	efforts	separated	by	brief	periods	of	rest	(Rhea	et	al.,	2006;	Iosia	&	Bishop,	2008).	 The	 game	 is	 played	 at	 the	 collegiate	 level	 in	 the	 NCAA	 and	 the	professional	level	in	the	National	Football	League	(NFL).	Players	are	divided	into	eight	positional	groups:	Defensive	Backs	(DB),	Defensive	Linemen	(DL),	Linebackers	(LB),	Offensive	Linemen	(OL),	Quarterback	(QB),	Running	Back	(RB),	Tight	End	(TE),	and	Wide	Receiver	(WR)),	each	with	different	tactical	and	 physical	 demands	 (Pincevero	 &	 Bompa,	 1997).	 The	 limited	quantification	of	such	physical	demands	in	the	literature	revealed	that	non-
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linemen	 (e.g.,	 WR,	 DB,	 RB,	 QB)	 perform	 greater	 amounts	 of	 running	activities	compared	to	linemen	during	collegiate	football	training	(DeMartini	et	al.,	2011).	Similarly,	during	Division	1	college	football	games,	WR	and	DB	cover	 greater	 total	 distance	 (5531	 ±	 997	 m	 and	 4696	 ±	 1115	 m,	respectively)	and	perform	a	higher	number	of	sprints	(21.9	±	8.1	and	20.9	±	8.6,	 respectively)	 than	 other	 position	 groups	 (Wellman	 et	 al.,	 2016).	 An	evaluation	 of	 impacts	 and	 collisions	 during	 collegiate	 football	 games	revealed	that	RB	and	Defensive	Tackles	(a	position	on	the	DL)	engage	 in	a	larger	amount	of	severe	(>	10	g-forces)	and	heavy	impacts	(7.1	–	10	G	force),	respectively,	than	other	position	groups	(Wellman	et	al.,	2017).	These	data	support	the	idea	that	positional	differences	in	the	physical	demands	exist	in	American	football.				There	are	several	limitations	in	the	previous	studies	that	have	described	the	position	 demands	 of	 American	 football.	 Indeed,	 previous	 studies	 have	divided	 playing	 positions	 into	 two	 broad	 groups	 (i.e.	 linemen	 and	 non-linemen)	 (DeMartini	 et	 al.,	 2011),	which	 limited	 the	ability	 to	describe	 the	discrete	activity	demands	of	 the	unique	playing	positions	 that	 exist	within	these	 two	 groups.	 Additionally,	 two	 previous	 studies	 that	 described	positional	 differences	 in	 12	 collegiate	 American	 football	 games	 only	examined	position	group	differences	between	players	who	fulfilled	the	same	function	 within	 the	 team	 (e.g.,	 offensive	 players	 compared	 with	 other	offensive	players)	(Wellman	et	al.,	2016;	Wellman	et	al.,	2017),	which	limits	the	 ability	 to	 understand	 how	 competition	 between	 position	 groups	 may	
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	This	 study	 investigated	 the	 positional	 differences	 in	 training	 demands	during	 an	 NFL	 training	 camp	 consisting	 of	 four	match	 preparation	weeks	prior	 to	 the	 upcoming	NFL	season.	 The	 first	 10	 days	 of	 the	 training	 camp	were	dedicated	to	team	practices	with	the	remainder	of	the	time	devoted	to	preparing	 for	 four	 pre-season	 games	 (1x/week).	 For	 the	 purposes	 of	 this	study,	only	the	preparation	weeks	for	the	4	games	were	considered	as	these	weeks	were	used	to	prepare	for	competition	and	follow	the	typical	in-season	training	 structure.	 Eleven	 training	 sessions	 over	 this	 4-week	 period	were	
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therefore	included	in	the	final	analysis.	The	contents	of	the	training	sessions	were	determined	by	the	coach	with	the	goal	of	preparing	the	team	for	 the	upcoming	opponent.	 Training	 sessions	were	 divided	 into	 five	 key	 periods:	warm	up,	position	specific	 training	drills,	special	 teams’	drills,	preparatory	plays,	 and	 team	plays	 that	 represent	 the	offense	 running	plays	against	 the	defense	and	make	up	the	bulk	of	the	training	session.	The	contents	of	these	periods	 consisted	 of	 a	 diverse	 number	 of	 sporting	 actions,	 with	 certain	position	groups	performing	running	and	cutting	activities	(e.g.,	DB	and	WR),	other	groups	performing	a	greater	number	of	collisions	and	physical	contact	(e.g.,	 OL	 and	 DL),	 and	 some	 position	 groups	 performing	 a	 combination	 of	both	 locomotor	 and	 collision-based	 actions	 (e.g.,	 TE	 and	 LB)	 (Tables	 5.1-
5.2).			
Table	5.1.	Weekly	schematic	of	training	duration	and	percentage	of	time	devoted	to	specific	drills	across	training	days	in	relationship	to	the	upcoming	match	(GD	-4	=	Game	Day	-4;	GD	–	3	=	Game	Day	-3;	GD	-2	=	Game	Day	-2).		





5.2.2	Participants		Sixty-three	 American	 football	 players	 from	 the	 same	 NFL	 team	 were	included	in	this	study	(mean	±	SD;	age:	24	±	2	y;	height:	1.88	±	0.06	m;	body	mass:	109.4	±	19.9	kg).	The	position	groups	consisted	of	DB	(n	=	12),	DL	(n	=	7),	LB	(n	=	10),	OL	(n	=	11),	QB	(n	=	2),	RB	(n	=	8),	TE	(n	=	5),	and	WR	(n	=	11).	 A	 total	 of	 541	 individual	 training	 files	were	 obtained.	 The	 number	 of	sessions	 performed	 by	 the	 athletes	 can	 be	 observed	 in	 Table	 5.3.	 The	variation	 in	 session	 number	 is	 a	 consequence	 of	 the	 availability	 of	participants	 (e.g.	 non-availability	 through	 injury	 and	 participants	 being	released	or	added	to	the	playing	staff).	This	study	constitutes	a	retrospective	analysis	of	archived	data	collected	in	an	applied	sports	science	setting	where	training	load	monitoring	is	considered	best	practice	and	within	occupational	purview	 (Winter	 et	 al.,	 2009).	 All	 data	was	 de-identified	 prior	 to	 analysis.	Ethical	 approval	 for	 the	methodology	 of	 this	 study	was	granted	 by	 a	 local	university	ethics	committee	and	permission	to	publish	was	granted	from	the	NFL	team.									
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Table	5.3.	Training	completed	by	each	participant	within	the	study	period.	(Note:	For	example,	28	participants	(44.4%)	completed	11	out	of	11	training	sessions	while	2	participants	(3.2%)	completed	3	out	of	11	sessions.)		
Number	of	Players	 Sessions	Completed	(n	=	11)	 %	Of	Athletes	28	 11	 44.4%	7	 10	 11.1%	5	 9	 7.9%	5	 8	 7.9%	2	 7	 3.2%	4	 6	 6.3%	5	 5	 7.9%	1	 4	 1.6%	2	 3	 3.2%	1	 2	 1.6%	3	 1	 4.8%			
5.2.3	Experimental	Design		During	training,	players	wore	an	integrated	micro	technology	unit	(Minimax	S5,	 Catapult	 Innovations,	 Scoresby,	 Australia)	 contained	 within	 a	 custom	pouch,	provided	by	the	manufacture,	sewn	between	the	shoulder	blades,	on	the	inside	of	their	practice	shirt.	These	units	contain	a	GPS	sensor	(10	Hz),	accelerometer	(100	Hz),	gyroscope	(100	Hz),	and	magnetometer	(100	Hz).	Following	 each	 training	 session,	 data	 was	 downloaded	 using	 the	manufactures	 software	 (Catapult	 Sports	Openfield	 software)	 and	 exported	
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to	Excel	(Microsoft,	Redmond,	WA)	for	further	analysis.	To	ensure	intra-unit	reliability,	athletes	were	assigned	their	own	individual	units	(Rampinini	et	al.,	 2015).	 The	 reliability	 and	 validity	 of	 these	 units	 have	 been	 previously	established	 (Boyd	et	 al.,	 2011;	Castellano	et	 al.,	 2011;	Vickery	et	 al.,	 2014;	Rampinini	et	al.,	2015).			Training	 sessions	were	 classified	 specific	 to	 the	 number	 of	 days	 until	 the	upcoming	game.	 For	 example,	 day	 to	 game	 -4	 (GD	 -4)	 indicates	 that	 there	are	 4	 days	 until	 the	 next	 game.	 Three	 main	 training	 sessions	 were	performed	each	week:		GD	-4	(n	=	3),	GD	–	3	(n	=	4),	and	GD	–	2	(n	=	4).	The	final	 session	of	 the	week,	GD	 -1,	 included	a	brief	 review	of	 the	game	plan,	which	 did	 not	 include	 significant	 physical	 activity	 and	 therefore	 was	 not	included	 in	 the	 study.	 Total	 distance	 (TD)	 and	 high-speed	 distance	 were	analyzed	 to	 compare	 running	 demands	 between	 position	 groups.	 High-speed	 distance	 (HSD)	 was	 defined	 as	 distances	 run	 above	 70%	 of	 the	maximum	 speed	 for	 the	 respective	 position	 group.	 This	 threshold	 was	established	 using	 all	 training	 data	 from	 the	 previous	 season,	 collected	 via	the	GPSport	system	(SPI	Pro	X;	GPSports,	Canberra,	Australia).	As	such,	this	data	 reflect	 the	most	 frequently	 performed	max	 speeds	 of	 each	 positional	group	during	 real	 training	 sessions.	These	position	group	 thresholds	were	determined	 using	 the	 median	 maximum	 speed	 observed	 for	 each	 group	during	training	sessions	within	the	previous	year	(DB:	>	6.8	m·s-1;	DL	>	5.9	m·s-1;	LB	>	5.9	m·s-1;	OL	>	4.5	m·s-1;	QB:	>	5.9	m·s-1;	RB:	6.2	m·s-1;	TE	>	6.3	m·s-1;	WR	>	7.1	m·s-1).		
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Player	 Load	 (PL)	 and	 Inertial	 Movement	 Analysis	 (IMA)	 were	 used	 to	quantify	 non-running	 activities	 such	 as	 collisions,	 impacts,	 or	 changes	 of	direction	 and	 movements	 taking	 place	 in	 small	 spaces.	 Player	 Load	represents	 the	 total	 amount	 of	 acceleration	 taking	 place	 on	 three	 axes	 of	movement	(X,	Y,	and	Z)	and	is	reported	in	arbitrary	units	(Boyd	et	al.,	2011).	We	 evaluated	 PL	 in	 both	 absolute	 and	 relative	 (Player	 Load	 per	 Minute	(PL/min))	 forms.	 IMA	 has	 been	 reported	 to	 quantify	 the	 displacement	 of	force	 over	 different	 vectors	 of	 movement	 (Forward,	 Backward,	 Left,	 and	Right)	 through	 the	 combined	 use	 of	 accelerometer,	 gyroscope,	 and	magnetometer	 data	 (Abbott,	 2015).	 Total	 IMA	 (the	 sum	 of	 IMA	 activities	taking	place	above	3.5	m.s-2)	was	used	to	 investigate	positional	differences	within	 this	 study.	 Player	 Load	 and	 IMA	 have	 good	 reliability	 when	measuring	 on	 field	 movement	 activities	 (Boyd	 et	 al.,	 2011)	 and	 game-to-game	explosive	actions	(Meylan	et	al.,	2016).			
5.2.4	Statistical	Analysis		Training	 data	 was	 pooled	 together	 by	 day	 (e.g.,	 all	 GD	 -4	 sessions	 were	grouped	together)	in	order	to	reflect	the	training	demands	during	each	day	of	 a	 training	 week.	 Mixed	 models	 have	 been	 suggested	 as	 an	 analytical	approach	to	deal	with	repeated	measures	data	and	unbalanced	data	sets,	for	example	 players	 performing	 different	 numbers	 of	 training	 sessions	 during	the	monitoring	period	(Cnaan	et	al.,	1997).	A	separate	mixed	model	for	each	dependent	variable	(TD,	HSD,	PL,	PL/min,	and	Total	IMA)	was	constructed.	Position	group	 and	Day	 to	Game	were	 treated	 as	 fixed	 effect	 independent	
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	The	 final	 model	 consisted	 of	 a	 main	 effect	 interaction	 between	 Position	Group	 and	 Day	 to	 Game	 and	 a	 random	 effect	 allowing	 the	 slope	 and	intercept	 to	vary	 for	 the	 individual	player	and	Day	to	Game.	These	models	show	 training	 load	 was	 influenced	 by	 the	 interaction	 between	 playing	position	and	the	training	day.		
5.3.2	Running	Demands	











CL	 Qualitative	Inference	-4	 DB	 DL	 1758	±	426	 Most	Likely	Very	Large	-4	 DB	 LB	 999	±	372	 Most	Likely	Very	Large	-4	 DB	 OL	 1323	±	358	 Most	Likely	Very	Large	-4	 DB	 QB	 603	±	626	 Possibly	Large	-4	 DB	 RB	 744	±	406	 Possibly	Large	-4	 DB	 TE	 623	±	505	 Likely	Large	-4	 DL	 LB	 -759	±	429	 Likely	Large	-4	 DL	 OL	 -435	±	416	 Likely	Moderate	-4	 DL	 QB	 -1155	±	661	 Likely	Very	Large	-4	 DL	 RB	 -1013	±	464	 Likely	Very	Large	-4	 DL	 TE	 -1135	±	548	 Likely	Very	Large	-4	 DL	 WR	 -1684	±	446	 Most	Likely	Very	Large	-4	 LB	 OL	 324	±	362	 Possibly	Moderate	-4	 LB	 RB	 -254	±	408	 Possibly	Moderate	-4	 LB	 TE	 -376	±	508	 Likely	Moderate	-4	 LB	 WR	 -925	±	395	 Likely	Very	Large	-4	 OL	 QB	 -720	±	619	 Likely	Large	-4	 OL	 RB	 -578	±	403	 Likely	Large	-4	 OL	 TE	 -700	±	497	 Likely	Large	-4	 OL	 WR	 -1249	±	381	 Most	Likely	Very	Large	-4	 QB	 WR	 -528	±	640	 Possibly	Large	-4	 RB	 WR	 -670	±	433	 Likely	Large	-4	 TE	 WR	 -549	±	519	 Possibly	Large	-3	 DB	 DL	 1572	±	379	 Most	Likely	Very	Large	-3	 DB	 LB	 638	±	329	 Likely	Large	-3	 DB	 OL	 1278	±	322	 Most	Likely	Very	Large	-3	 DB	 QB	 473	±	573	 Possibly	Large	-3	 DB	 RB	 678	±	360	 Likely	Large	-3	 DB	 TE	 255	±	425	 Possibly	Moderate	-3	 DL	 LB	 -933	±	380	 Likely	Very	Large	-3	 DL	 OL	 -293	±	373	 Possibly	Moderate	-3	 DL	 QB	 -1098	±	603	 Likely	Very	Large	-3	 DL	 RB	 -893	±	410	 Possibly	Very	Large	-3	 DL	 TE	 -1317	±	465	 Most	Likely	Very	Large	-3	 DL	 WR	 -1694	±	396	 Most	Likely	Very	Large	-3	 LB	 OL	 640	±	323	 Possibly	Large	-3	 LB	 TE	 -384	±	426	 Possibly	Moderate	-3	 LB	 WR	 -761	±	349	 Likely	Large	-3	 OL	 QB	 -805	±	569	 Possibly	Very	Large	-3	 OL	 RB	 -600	±	358	 Likely	Large	-3	 OL	 TE	 -1023	±	420	 Likely	Very	Large	-3	 OL	 WR	 -1400	±	342	 Most	Likely	Very	Large	-3	 QB	 WR	 -595	±	584	 Possibly	Large	-3	 RB	 TE	 -424	±	452	 Likely	Moderate	-3	 RB	 WR	 -801	±	381	 Possibly	Very	Large	-3	 TE	 WR	 -377	±	434	 Likely	Moderate	-2	 DB	 DL	 1397	±	416	 Most	Likely	Very	Large	-2	 DB	 LB	 688	±	366	 Likely	Large	-2	 DB	 OL	 972	±	358	 Most	Likely	Very	Large	-2	 DB	 RB	 607	±	401	 Likely	Large	-2	 DL	 LB	 -710	±	416	 Likely	Large	
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Game	 Group	1	 Group	2	 Difference	(m)	±	95%	
CL	 Qualitative	Inference	-4	 DB	 LB	 -35.7	±	38.8	 Possibly	Moderate	-4	 DB	 OL	 58.9	±	38	 Likely	Moderate	-4	 DB	 QB	 -70.2	±	67.6	 Possibly	Large	-4	 DB	 RB	 -47.2	±	41	 Likely	Moderate	-4	 DB	 WR	 34.1	±	40.9	 Possibly	Moderate	-4	 DL	 LB	 -35.3	±	45.1	 Possibly	Moderate	-4	 DL	 OL	 59.3	±	44.3	 Likely	Moderate	-4	 DL	 QB	 -69.8	±	71.3	 Possibly	Large	-4	 DL	 RB	 -46.8	±	48	 Likely	Moderate	-4	 DL	 WR	 34.5	±	46.8	 Possibly	Moderate	-4	 LB	 OL	 94.6	±	38.5	 Very	Likely	Large	-4	 LB	 WR	 69.8	±	41.3	 Likely	Large	-4	 OL	 QB	 -129.1	±	67.3	 Likely	Very	Large	-4	 OL	 RB	 -106.1	±	41.8	 Likely	Very	Large	-4	 OL	 TE	 -89.1	±	51.3	 Likely	Large	-4	 QB	 WR	 104.3	±	69	 Possibly	Very	Large	-4	 RB	 WR	 81.3	±	44.4	 Likely	Large	-4	 TE	 WR	 64.3	±	51.8	 Possibly	Large	-3	 DB	 LB	 -85.9	±	46.2	 Possibly	Large	-3	 DB	 OL	 88.5	±	46.1	 Possibly	Large	-3	 DL	 LB	 -110.5	±	53.5	 Likely	Large	-3	 DL	 OL	 63.9	±	53.3	 Likely	Moderate	-3	 DL	 RB	 -42.5	±	56	 Possibly	Moderate	-3	 DL	 TE	 -48.6	±	64	 Possibly	Moderate	-3	 LB	 OL	 174.5	±	46.2	 Most	Likely	Very	Large	-3	 LB	 QB	 121.9	±	83	 Possibly	Very	Large	-3	 LB	 RB	 68	±	46	 Likely	Moderate	-3	 LB	 TE	 61.9	±	58.3	 Likely	Moderate	-3	 LB	 WR	 106	±	48.8	 Likely	Large	-3	 OL	 QB	 -52.6	±	82.9	 Possibly	Moderate	-3	 OL	 RB	 -106.5	±	49.2	 Likely	Large	
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-3	 OL	 TE	 -112.6	±	58.1	 Likely	Large	-3	 OL	 WR	 -68.4	±	48.6	 Likely	Moderate	-3	 QB	 RB	 -53.9	±	84.6	 Possibly	Moderate	-3	 QB	 TE	 -60	±	90.1	 Possibly	Moderate	-3	 RB	 WR	 38	±	51.6	 Possibly	Moderate	-3	 TE	 WR	 44.1	±	57	 Possibly	Moderate	-2	 DB	 LB	 -74.3	±	33.8	 Possibly	Large	-2	 DB	 OL	 37.5	±	33.5	 Possibly	Moderate	-2	 DB	 RB	 -75.4	±	36.4	 Possibly	Large	-2	 DL	 LB	 -86.9	±	38.7	 Likely	Large	-2	 DL	 RB	 -88	±	41.5	 Likely	Large	-2	 LB	 OL	 111.8	±	33.4	 Likely	Very	Large	-2	 LB	 QB	 65.6	±	58.7	 Possibly	Large	-2	 LB	 TE	 66.9	±	44.9	 Possibly	Large	-2	 LB	 WR	 80.1	±	34.3	 Likely	Large	-2	 OL	 QB	 -46.3	±	58.4	 Possibly	Moderate	-2	 OL	 RB	 -112.9	±	36.6	 Likely	Very	Large	-2	 OL	 TE	 -45	±	44.6	 Possibly	Moderate	-2	 OL	 WR	 -31.8	±	34	 Possibly	Moderate	-2	 QB	 RB	 -66.6	±	60.5	 Possibly	Large	-2	 RB	 TE	 68	±	47.3	 Possibly	Large	-2	 RB	 WR	 81.2	±	37.4	 Likely	Large	
     		Defensive	Backs	and	WR	showed	unclear	differences	in	TD	covered	(GD	-4:	74	 ±	 392	m;	 GD	 -3:	 -122	 ±	 348;	 GD	 –	 2:	 -222	 ±	 371	m).	 	 However,	 when	compared	 with	 all	 other	 positional	 groups,	 these	 two	 groups	 performed	greater	TD	(moderate	to	large	differences),	with	the	exception	of	the	TE	and	QB,	who	 had	 an	 unclear	 difference	with	 the	DB	 on	GD	 -2.	 The	DL	 and	OL	positions	were	found	to	cover	the	least	amount	of	distance.			There	were	variable	responses	in	HSD	between	the	playing	positions.	Tight	Ends	 and	 RB	 performed	 more	 HSD	 than	 WR	 on	 GD	 -4	 (64.3	 ±	 51.8	 m,	possibly	 large,	and	81.3	±	44	m,	 likely	 large,	respectively).	HSD	differences	between	OL	and	RB	were	likely	very	large	(-106.1	±	41.8	m)	on	GD	-4,	likely	large	(-106.5	±	49.2	m)	on	GD	-3,	and	likely	very	large	(-112.9	±	36.6	m)	on	GD	-2.	Defensive	backs	performed	less	HSD	than	LB	on	GD	-2	(-35.7	+	38.8	
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Game	 Group	1	 Group	2	 Difference	±	95%	CL	 Qualitative	Inference	






Game	 Group	1	 Group	2	 Difference	±	95%	CL	 Qualitative	Inference	-4	 DB	 DL	 -16	±	9	 Possibly	Large	-4	 DB	 OL	 -20	±	8	 Possibly	Very	Large	-4	 DB	 TE	 -6	±	11	 Possibly	Small	-4	 DL	 QB	 13	±	15	 Possibly	Moderate	-4	 DL	 RB	 16	±	10	 Likely	Large	-4	 DL	 TE	 10	±	12	 Possibly	Moderate	-4	 DL	 WR	 17	±	10	 Likely	Large	-4	 LB	 OL	 -17	±	8	 Likely	Large	-4	 OL	 QB	 17	±	14	 Likely	Large	-4	 OL	 RB	 20	±	9	 Possibly	Very	Large	-4	 OL	 TE	 14	±	11	 Likely	Moderate	-4	 OL	 WR	 21	±	8	 Possibly	Very	Large	-3	 DB	 DL	 -16	±	9	 Likely	Large	-3	 DB	 LB	 -9	±	8	 Likely	Moderate	-3	 DB	 OL	 -24	±	7	 Most	Likely	Very	Large	-3	 DL	 LB	 6	±	9	 Possibly	Moderate	-3	 DL	 OL	 -9	±	9	 Likely	Moderate	-3	 DL	 RB	 14	±	9	 Possibly	Large	-3	 DL	 WR	 12	±	9	 Likely	Moderate	-3	 LB	 OL	 -15	±	8	 Very	Likely	Moderate	-3	 LB	 RB	 7	±	8	 Possibly	Moderate	-3	 OL	 QB	 16	±	13	 Possibly	Large	-3	 OL	 RB	 22	±	8	 Likely	Very	Large	-3	 OL	 TE	 17	±	10	 Likely	Large	-3	 OL	 WR	 21	±	8	 Possibly	Very	Large	-2	 DB	 DL	 -11	±	8	 Likely	Moderate	-2	 DB	 OL	 -12	±	7	 Likely	Moderate	-2	 DL	 LB	 9	±	8	 Likely	Moderate	-2	 DL	 RB	 14	±	9	 Very	Likely	Moderate	-2	 DL	 WR	 10	±	8	 Likely	Moderate	-2	 LB	 OL	 -10	±	7	 Likely	Moderate	-2	 OL	 RB	 16	±	8	 Likely	Large	-2	 OL	 TE	 10	±	9	 Likely	Moderate	-2	 OL	 WR	 11	±	7	 Likely	Moderate			Defensive	Backs	and	WR	performed	the	highest	amount	of	PL	compared	to	other	position	groups,	with	unclear	between-position	differences	observed	between	them	(GD	-4:	19	±	41	AU;	GD	–	3:	-2	±	36	AU;	GD	-2:	-11	±	38	AU).	Defensive	 linemen	performed	 the	 lowest	PL	 relative	 to	all	 other	positions.	Conversely,	 the	 OL,	 the	 position	 group	 that	 opposes	 the	 DL	 on	 offense,	
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performed	more	PL	than	the	DL	with	effects	ranging	from	moderate	to	large	(GD	-4:	-58	±	44	AU,	likely	large;	GD	-3:	-44	±	38	AU,	likely	moderate;	-52	±	42	 AU,	 possibly	 Large).	 The	 DL	 group	 also	 performed	 the	 lowest	 PL/min,	with	differences	ranging	from	likely	small	to	likely	large	when	compared	to	other	positional	groups.			Position	 groups	 that	 oppose	 each	 other	 on	 offense	 and	 defense	 showed	unclear	differences	in	Total	IMA.	Defensive	Line	and	OL	performed	a	higher	number	 of	 Total	 IMA	 compared	 to	 all	 other	 position	 groups	 with	 unclear	differences	between	the	two	groups	on	GD	-4	and	GD	-2	and	OL	performing	more	Total	IMA	on	GD	-3	(-9	±	9,	Likely	Moderate).	Wide	Receivers	and	DB’s	had	unclear	differences	in	IMA	as	did	LB’s	and	TE’s	and	LB’s	and	RB’s,	with	the	exception	of	GD	-3,	where	a	possibly	moderate	difference	was	observed	(7	±	8).		
5.4	Discussion		This	 is	 the	 first	 study	 to	 investigate	 the	 positional	 differences	 in	 external	training	loads	(both	running	and	non-running	activity)	in	American	football	players	 during	 a	 NFL	 training	 camp.	 The	 main	 findings	 show	 positional	differences	in	both	running	and	sports	specific	movements.	Specifically,	DB’s	and	WR’s	exhibited	moderate	to	most	 likely	very	 large	positive	differences	in	 TD	 covered	 compared	 to	 other	 position	 groups.	 Conversely,	 DL	 and	OL	performed	a	 larger	number	of	sports	specific	movements,	as	measured	via	Total	 IMA.	 The	 observed	 variations	 in	 training	 load	 between	 positions	
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groups	 also	 appear	 to	 be	 influenced	 by	 the	microcycle	 structure,	whereby	training	intensity	appears	to	decrease	as	the	training	days	progress	closer	to	competition.	 This	 decrease	 in	 training	 intensity	 across	 the	 week	 is	 a	consequence	of	the	training	sessions	being	aimed	at	preparing	for	the	game	(e.g.,	 installing	 plays)	 and	may	 reflect	 a	 tapering	 approach	 as	 competition	nears.	These	findings	may	have	practical	relevance	in	illustrating	differences	in	the	training	loads	completed	by	different	positions	in	the	NFL,	during	the	training	camp	period.		Total	 distance	 is	 often	 reported	 as	 a	measure	 of	 training	 volume	 in	 field-based	 team	 sport	 athletes	 (Akenhead	&	Nassis,	 2016).	 The	 heterogeneous	nature	of	position	demands	in	American	football	requires	some	positions	to	perform	more	 running	 than	others	 (DeMartini	 et	 al.,	 2011).	Differences	 in	locomotor	activity	between	position	groups	in	the	present	study	are	similar	to	 previous	 findings	 in	 collegiate	 (DeMartini	 et	 al.,	 2011;	 Wellman	 et	 al.,	2016;	Wellman	et	al.,	2017)	and	high	school	(Gleason	et	al.,	2017)	American	football	 athletes.	 For	 example,	 WR	 and	 DBs	 in	 the	 college	 ranks	 were	observed	to	have	a	higher	amount	of	running	distance	and	sprints	during	a	season	 compared	 to	 all	 other	 positions	 (Wellman	 et	 al.,	 2016).	 Similarly,	college	 non-linemen	 performed	 a	 higher	 amount	 of	 TD	 than	 linemen	(DeMartini	 et	 al.,	 2011).	 These	 findings	 are	 similar	 to	 the	 present	observations	for	DB	and	WR	who	had	a	greater	amount	of	running	distance	during	training	compared	to	other	position	groups.	Notably,	total	distances	observed	in	this	sample	of	NFL	players	are	greater	than	during	a	collegiate	football	practice	(DeMartini	et	al.,	2011).	This	may	be	a	direct	consequence	
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of	playing	at	the	higher	NFL	level	where	there	are	fewer	players	on	training	squads	 than	 college	 teams.	 While	 college	 football	 teams	 often	 support	between	 110-120	 players,	 NFL	 teams	 are	 regulated	 by	 the	 number	 of	players	they	can	employ	by	the	rules	of	the	league.	These	lower	numbers	of	available	players	may	also	result	in	lower	opportunities	for	recovery	periods	from	 practice	 drills	 in	 NFL	 athletes	 thereby	 increasing	 the	 need	 to	 be	involved	 in	practice	activities.	 It	 is	also	possible	 that	 these	differences	may	simply	reflect	a	higher	level	of	physical	demand	at	the	elite	end	of	the	game	(Gabbett,	2005;	Gorostiaga	et	al.,	2005).				In	addition	to	TD,	differences	in	HSD	between	NFL	position	groups	were	also	evaluated.	HSD	differences	were	observed	between	positions	whereby	WR	performed	 less	 than	TE’s	on	GD	-4	and	GD	 -3	and	RB	on	all	 three	 training	days.	In	the	defensive	position	groups,	the	LB’s	were	found	to	perform	more	HSD	 than	 the	 other	 two	 position	 groups	 (DB	 and	 DL).	 These	 findings	describe	a	difference	in	the	positional	requirements	for	HSD	irrespective	of	total	distance	that	is	covered	across	positions.	The	findings	are	in	contrast	to	previous	 findings,	 from	 collegiate	 games,	 where	 WR	 and	 DB	 performed	greater	sprint	distance	(>	6.4	m·s-1)	than	other	position	groups	(Wellman	et	al.,	2016).	These	authors,	however,	used	absolute	speed	zones	for	the	entire	team,	which	may	overestimate	and	underestimate	HSD	for	faster	and	slower	athletes	respectively	(Gabbett,	2015).	In	contrast,	the	present	study	utilized	a	 relative	 speed	 criteria	 specific	 to	 each	 position	 group.	 This	may	 explain	some	 of	 the	 observed	 differences	 between	 position	 groups.	 Alternatively,	these	 findings	 may	 indicate	 a	 potential	 volume-intensity	 relationship	 in	
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position	 groups	 that	 perform	 larger	 amounts	 of	 total	 distance	 during	training.	For	example,	it	is	possible	that	the	amount	of	total	distance	the	WR	and	 DB	 groups	 are	 required	 to	 perform	 impedes	 their	 ability	 to	 perform	greater	 HSD	 during	 training	 and	may	 implicate	 within-session	 fatigue	 for	those	positional	groups.			To	 investigate	 sports	 specific	movements,	we	utilized	 three	 accelerometer	metrics	–	PL,	PL/min,	and	Total	IMA.	This	study	revealed	that	high	PL	values	may	be	associated	with	the	completion	of	a	variety	of	specific	actions	other	than	 running,	 such	 as	 collisions	 and	 tackles.	 	 This	 is	 evidenced	 by	 some	positions	demonstrating	relatively	high	PL	values	in	the	context	of	low	total	distances.	For	example,	differences	 in	PL	and	PL/min	between	OL	and	WR	ranged	 from	 unclear	 to	 possibly	 moderate	 across	 all	 three	 training	 days,	despite	WR’s	performing	very	large	amounts	of	total	distance.	Similarly,	the	DB	 group	 performed	 greater	 running	 than	 the	 LB	 group,	 though	 the	 PL	differences	between	these	two	groups	were	less	substantial.	These	findings	indicate	that	PL	is	capturing	a	variety	of	different	running	and	non-running	activities	 and	may	 provide	 practitioners	with	a	 global	measure	 of	 training	load,	regardless	of	position	demands.	Further	validation	of	PL	 in	American	football	is	required	to	confirm	its	utility.			The	DL	produced	the	lowest	PL	and	PL/min	compared	to	all	other	position	groups.	Observed	differences	between	DL	and	OL	are	 interesting	given	the	OL	is	the	main	opposition	of	the	DL.	These	findings	may	be	a	consequence	of	the	 practice	 style	 for	 this	 group	 in	 this	 team.	 Practice	 is	 divided	 in	 such	 a	
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way	 that	 portions	 of	 the	 sessions	 are	 dedicated	 towards	 position	 groups	competing	 against	 each	 other	 in	 game	 specific	 tasks	 (e.g.	 running	 plays)	while	 other	 parts	 of	 practice	 are	 devoted	 to	 individual	 position	 groups	working	 on	 technical	 elements	 of	 play.	 It	 is	 possible	 that	 even	 though	position	 groups	 like	 the	 OL	 and	 DL	 compete	 against	 each	 other	 during	structured	periods	of	practice,	 their	position	 specific	 training	periods	may	provide	different	training	load	intensities	for	these	groups	when	compared	to	 other	 positions.	 A	more	 thorough	 evaluation	 of	within-session	 training	drills	would	allow	for	a	better	understanding	of	how	positional	groups	are	affected	by	these	training	demands.		While	 PL	 is	 influenced	 by	 a	 variety	 of	 actions,	 previous	 literature	 has	suggested	that	PL	is	correlated	with	upright	running	(Jennings	et	al.,	2010;	Polglaze	et	al.,	2015).	Therefore,	we	attempted	to	further	quantify	the	sports	specific	movements	using	Total	IMA.	Differences	in	Total	IMA	were	unclear	between	 position	 groups	 that	 compete	 against	 each	 other	 on	 offense	 and	defense.	These	findings	indicate	that	more	data	is	required	to	make	a	more	thorough	 determination	 regarding	 differences	 in	 positional	 demands	between	position	groups	 that	directly	oppose	one	another.	The	DL	and	OL	groups	performed	the	highest	Total	IMA	compared	to	other	position	groups.	The	main	actions	of	these	two	groups	typically	occur	through	collisions	with	one	 another	 to	 block	 or	 tackle.	 The	 findings	 suggest	 that	 while	 the	 OL	perform	 a	 greater	 amount	 of	 total	distance	 and	PL	 compared	 to	 the	DL,	 a	similar	 number	 of	 sports	 specific	movements	 are	 performed	 between	 the	two	groups	during	training.	These	observed	differences	show	that	Total	IMA	
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could	be	used	 to	 identify	 the	 contribution	of	 sports	 specific	movements	 to	the	total	training	load	in	American	football.	This	suggests	that	there	is	also	a	need	 for	 training	 load	measures	 other	 than	 speed	 and	 distance	 in	 groups	that	perform	greater	sport	specific	actions	(e.g.,	OL	and	DL)	in	this	sport.			While	this	is	the	first	study	to	describe	training	demands	in	NFL	football,	it	is	important	to	recognize	that	these	data	are	only	specific	to	a	single	period	of	training	completed	during	the	training	camp	of	one	team.	Therefore,	 these	findings	 may	 not	 reflect	 training	 during	 the	 in-season	 phase	 when	competitive	demands	are	greater	and	the	roster	size	is	smaller.	For	example,	during	 the	pre-season	phase	 teams	are	allowed	 to	maintain	a	 roster	of	90	players,	as	opposed	to	63	during	the	regular	season,	which	allows	training	to	be	 dispersed	 amongst	 a	 greater	 number	 of	 players.	 Therefore,	 the	 key	players	 on	 the	 team	 are	 not	 required	 to	 train	 with	 the	 same	 amount	 of	volume	as	 they	would	during	the	 in-season	phase.	Thus,	 this	data	may	not	reflect	the	outputs	of	the	most	elite	players	within	the	sport.		
5.5	Conclusions	
	This	 study	 has	 described	 positional	 training	 loads	 during	 training	 of	American	 football	 in	 the	 NFL.	 The	 results	 showed	 differences	 in	 running	volume,	 intensity	 and	 sport	 specific	 movements.	 These	 data	 have	implications	 for	 aiding	 coaches	 when	 it	 comes	 to	 specific	 training	 drill	design	 and	 for	 establishing	 periodization	 strategies	 when	 preparing	 for	competition.	For	example,	the	observed	decreases	in	physical	output	across	
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Component	3	Player	Load	 -0.14	 0	 0.98	Low	IMA		 -0.11	 0.98	 -0.07	Medium	IMA		 0.08	 0.90	 0.01	High	IMA	 0.39	 0.6	 0.06	Player	Load	Low	Effort	Band	 -0.22	 0.58	 0.58	Player	Load	Medium	Effort	Band	 0.33	 0.15	 0.63	Player	Load	High	Effort	Band		 0.61	 -0.2	 0.55	Player	Load	Very	High	Effort	Band	 0.77	 -0.23	 0.28	Low	Impacts	 0.77	 0.05	 0	Medium	Impacts	 0.91	 0.13	 -0.22	High	Impacts		 0.93	 0.04	 -0.18	
Eigenvalue	 3.67	 2.7	 2.35	
%	Variance	 33%	 25%	 21%	


































































































Table	7.2.	Mean	±	SD	rate	of	change	across	the	season	for	Player	Load	(au)	and	IMA.	(↓	=	decreasing	rate	of	change)		 	 Player	Load	Model	 IMA	Model	










Comparison	 Difference	(±	99%	CI)	 Inference	DB	-	DL	 0.44	(-10.1	to	11.0)	 Possibly	Trivial			DB	-	LB	 2.08	(-0.06	to	4.23)	 Possibly	↑		DB	-	OL	 2.73	(0.78	to	4.69)	 Likely	↑		DB	-	QB	 -0.23	(-172.8	to	172.4)	 Possibly	Trivial			DB	-	TE	 1.74	(-5.64	to	9.12)	 Possibly	Trivial			DB	-	WR	 -0.35	(-2.27	to	1.59)	 Very	Likely	Trivial			DL	-	LB	 1.64	(-8.58	to	11.86)	 Possibly	Trivial			DL	-	OL	 2.29	(-8.31	to	12.89)	 Possibly	↑		DL	-	QB	 -0.67	(-75.44	to	74.08)	 Unclear			DL	-	TE	 1.30	(-8.50	to	11.09)	 Possibly	Trivial			DL	-	WR	 -0.79	(-11.71	to	10.14)	 Possibly	trivial			LB	-	OL	 0.65	(-1.45	to	2.75)	 Very	Likely	Trivial			LB	-	QB	 -2.31	(-170.53	to	165.90)	 Unclear			LB	-	TE	 -0.34	(-7.02	to	6.33)	 Likely	Trivial			LB	-	WR	 -2.43	(-4.51	to	-0.35)	 Possibly	↓		OL	-	QB	 -2.96	(-176.26	to	170.32)	 Unclear			OL	-	TE	 -0.99	(-8.42	to	6.43)	 Likely	Trivial			OL	-	WR	 -3.08	(-4.94	to	-1.21)	 Likely	↓		QB	-	TE	 1.97	(-147.14	to	151.09)	 Unclear			QB	-	WR	 -0.12	(-177.08	to	176.85)	 Possibly	Trivial			TE	-	WR	 -2.09	(-10.57	to	6.39)	 Possibly	↓			
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From	a	practical	perspective,	the	full	linear	regression	model	can	be	used	to	understand	how	training	changed	across	the	season.	For	example,	the	model	coefficients	for	the	DL	group	as	a	whole	and	for	each	of	the	three	players	within	in	that	group	are	displayed	in	Table	7.5.	For	the	DL	group,	the	rate	of	change	indicates	that	for	each	week	of	the	season	there	is	a	corresponding	19.4	unit	decrease	in	Player	Load.	Correspondingly,	the	parameter	values	for	each	player	within	that	group	reveal	their	individual	differences	from	the	group	model.	For	example,	Player	1	is	seen	to	have	a	larger	overall	Player	Load	during	training	than	Player	3.	However,	Player	1	also	has	a	more	rapid	decline	in	Player	Load	across	the	season	than	the	other	players	in	this	group.		
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	 Model	1	 Model	2	 Model	3	 Model	4	 Model	5	
Intercept	 -4.12	 -3.6	 -4.26	 -3.86	 -4.35	
PL	 1.87	 	 2.45	 0.69	 2.08	
PLLow	 -1.18	 	 -1.20	 	 -1.83	
PLMed	 	 	 	 	 	
PLHigh	 	 	 	 	 	
PLVH	 	 	 	 	 	
IMALow	 	 	 	 	 	
IMAMed	 	 	 	 	 	
IMAHigh	 	 	 	 	 1.13	
ImpactsLow	 	 	 -0.79	 	 	
ImpactsMed	 	 	 	 	 	
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9.3	General	Discussion		Monitoring	athlete’s	during	training	activities	has	become	commonplace	in	team	sports	over	the	past	decade	or	more.	Such	data	has	helped	to	provide	a	unique	understanding	of	the	physical	demands	of	team	sports	and	the	implications	of	training	practice	(e.g.	changes	in	performance	and/or	injury).	American	football	is	a	popular	collision-based	sport	yet	only	limited	data	exists	on	the	physical	demands	at	the	collegiate	level	(DeMartini	et	al.,	2011;	Wellman	et	al.,	2016;	Wellman	et	al.,	2017;	Wilkerson	et	al.,	2016)	and	no	data	exists	at	the	elite	level	in	the	NFL.	The	paucity	of	research	surrounding	the	sport	provided	the	primary	motivation	for	the	present	thesis.		As	a	means	to	facilitate	the	structure	of	the	research	projects	within	this	thesis	we	identified	three	discrete	phases	of	experimental	work:		 1) Methodological	Evaluation	of	Monitoring	Strategies	2) Description	of	Training	Demands	3) Consequences	of	Training		
9.3.1	Phase	1:	Methodological	Evaluation	of	Monitoring	
Strategies		When	evaluating	the	demands	of	a	sport	it	is	important	to	first	understand	which	methods	are	most	useful	for	monitoring	training	or	competition.	Practitioners	may	be	faced	with	a	number	of	monitoring	strategies	when	attempting	to	quantify	training	demands.	However,	not	all	of	these	
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strategies	may	be	useful	or	relevant	within	the	context	of	their	given	sport.	Phase	1	of	this	thesis	was	established	to	evaluate	a	number	of	measures	that	may	be	useful	for	describing	the	demands	of	American	football	(e.g.	GPS,	sRPE,	and	inertial	sensors).			The	varied	nature	of	movement	actions	performed	by	athletes	in	American	Football	(Pincevero	&	Bompa,	1997)	may	indicate	that	inertial	sensors	offer	a	way	for	practitioners	to	quantify	training	loads	of	players	in	positional	groups	that	perform	lower	volumes	of	locomotor	activity	(e.g.,	DL	and	OL).	Prior	to	doing	so,	a	more	formal	evaluation	of	whether	or	not	such	measures	can	differentiate	between	more	fundamental	sports	movements	was	required.	Chapter	3	of	this	thesis	established	that	such	inertial	sensors	variables	are	able	to	differentiate	between	movement	demands	in	movements	that	would	seem	important	to	American	Football.	For	example,	Player	Load	appeared	to	be	sensitive	to	locomotor-based	movements	while	a	greater	amount	of	IMA	was	registered	during	change	of	direction	activities.	However,	there	did	seem	to	be	some	crossover	between	inertial	sensor	variables	during	the	majority	of	movement	tasks	(e.g.,	Player	Load	was	registered	during	change	of	direction	and	collision	activities).	These	results	show	that	these	measurements	may	not	be	identifying	discrete	movements	per	se	but	rather	activity	at	a	more	general	level.		These	findings	would	agree	with	the	outcomes	of	other	methodologically	based	chapters	(Chapters	3-6)	particularly	the	research	focused	on	the	use	of	Principal	Components	Analysis	(PCA)	(Chapter	6).			
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While	these	findings	are	novel	contributions	to	the	understanding	of	American	football,	the	reason	for	the	relationship	between	some	of	these	variables	was	not	full	understood.	For	example,	these	variables	may	be	identifying	similar	training	load	constructs	or	maybe	recording	similar	activities	thereby	representing	a	redundancy	within	the	measures	provided	by	the	technology.	Such	issues	may	simply	be	a	consequence	of	the	positioning	of	the	sensor	unit	on	the	torso	meaning	that	any	number	of	movement	activities	is	able	to	register	different	inertial	sensor	loads.	These	ideas	may	be	supported	by	the	observations	on	the	QB	position	in	Chapter	6.	In	this	chapter	the	QB	was	identified	as	having	the	highest	values	in	all	three	of	the	principal	components	even	though	the	QB	position	is	the	only	position	during	training	that	does	not	engage	in	physical	contact.	This	suggests	that	the	sensor	unit,	in	such	situations	may	be	picking	up	a	more	general	movement	process	linked	to	the	throwing	action	performed	by	this	position.			While	such	an	implication	suggest	the	need	for	more	specific	movement	templates	(i.e.	throwing	measurements	etc)	it	may	also	suggest	that	the	data	can	only	really	reflect	a	measure	of	overall	‘training	load’	not	how	that	load	has	been	achieved	(e.g.,	running,	cutting,	colliding).	While	these	findings	warrant	further	investigation,	practitioners	may	still	be	able	to	utilize	such	measures	usefully	to	provide	a	‘gross’	account	of	training	demands.	From	a	practical	perspective	it	may	also	indicate	that	practitioners	do	not	need	to	report	all	inertial	sensor	variables	when	describing	daily	training	activities.	Indeed,	practitioners	may	be	able	to	describe	the	demands	of	American	football	using	a	measure	of	training	volume,	such	as	Player	Load,	and	
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intensity,	such	as	IMA.	These	reasoning	for	these	two	variables	is	their	ability	to	differentiate	position	demands	during	training		(Chapter	5)	and	the	demonstration	that	they	registered	some	form	of	load	during	all	fundamental	American	football	movement	tasks	(Chapter	3).			Perceptual	measures	(e.g.,	sRPE)	of	training	are	often	used	in	sport	to	evaluate	the	athlete’s	subjective	response	to	training	activities	(Halson,	2014).	The	use	of	sRPE	in	American	Football	has	yet	to	be	explored.	The	findings	in	this	thesis	suggest	that	sRPE	exhibits	a	large	number	of	inter-individual	differences.	Such	differences	may	be	brought	upon	by	different	levels	of	psychological	demand	required	by	different	position	groups	(Cox	et	al.,	1995)	or	by	different	physical	requirements	of	training	(McLaren	et	al.,	2017).	These	specific	individual	factors	are	not	precisely	exhibited	in	a	gestalt	measure	such	as	sRPE	(Hutchinson	et	al.,	2006).	Additionally,	while	anchoring	can	help	the	players	calibrate	to	the	scale,	it	is	important	to	consider	that	different	players	may	still	interpret	the	RPE	scale	in	different	ways.	Finally,	as	with	all	subjective	measures,	we	should	consider	the	fact	that	players	may	not	be	honest	with	their	responses	or	only	interact	with	a	small	range	of	values	on	the	sRPE	scale,	therefore,	making	the	relationship	between	sRPE	and	external	load	variables	nothing	more	than	a	statistical	artifact.	While	the	present	results	provide	new	information,	more	research	is	warranted	to	understand	the	nature	of	inter-individual	responses	to	sRPE	in	American	football.	At	the	present	time,	it	would	appear	that	sRPE	is	unable	to	inform	on	discrete	training	activities.	More	refined	subjective	assessments	of	training	load	may	help	counter	some	of	these	methodological	
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issues.	Differential	Rating	of	Perceived	Exertion	scales	have	been	used	to	quantify	specific	internal	load	constructs	such	as	breathlessness,	leg	muscle	exertion,	upper-body	muscle	exertion,	or	cognitive/technical	demands	in	Rugby	athletes	(McLaren	et	al.,	2017).	It	is	possible	that	this	type	of	approach	may	be	more	useful	in	a	sport	such	as	American	football	where	the	positional	requirements	create	a	number	of	different	physical	and	psychological	demands	(Chapter	4).			Chapter	3	revealed	that	inertial	sensors	have	some	capability	to	differentiate	between	fundamental	American	football	movements	(albeit	at	a	more	‘gross	level’)	while	Chapter	4	suggested	sRPE	is	confounded	by	inter-individual	differences	and	is	influenced	by	training	load	constructs	of	volume	and	intensity	in	different	ways,	making	it	challenging	to	use	when	attempting	to	describe	sporting	demands	as	a	whole.	Therefore,	Chapter	5	investigated	the	utility	of	GPS	and	inertial	sensor	technology	by	evaluating	whether	they	could	differentiate	between	positional	demands	during	American	football	training	in	the	NFL.	When	evaluating	GPS	data,	similar	to	research	conducted	in	the	collegiate	game	(DeMartinin	et	al.,	2011;	Wellman	et	al.,	2016),	different	positional	groups	exhibited	different	amounts	of	locomotor	activity.	While	this	finding	may	be	useful	for	describing	locomotor	activity,	in	American	football	such	metrics	may	not	adequately	depict	the	training	demands	of	position	groups	that	perform	less	running-based	movements.			Inertial	sensor	variables	offer	a	number	of	unique	ways	for	exploring	training	load,	which	may	have	greater	utility	in	American	football	and	more	
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broadly	within	other	collision-based	sports.	These	measures	may	provide	a	more	comprehensive	way	for	scientists	and	practitioners	to	understand	sporting	demands	and	conceptualize	new	ways	of	looking	at	the	activities	performed	by	position	groups	(e.g.,	training	prescription	and	periodization).	A	limitation	of	the	current	technology	is	however	still	related	to	the	fact	that	it	is	only	identifying	training	load	at	a	gross	level	(see	above	and	Chapter	3).	Additionally,	it	is	important	to	note	that	within	each	position	group	there	are	more	nuanced	positional	differences	(e.g.,	Cornerbacks,	Free	Safeties,	and	Strong	Safeties,	make	up	the	DB	group)	that	may	magnify	those	observed	due	to	very	specific	tactical	requirements.	It	is	therefore	possible	that	subtle	ergonomic	differences	exist	both	within	and	between	position	groups	in	American	Football.	Unfortunately,	the	number	of	players	at	these	nuanced	positions	is	small	within	a	single	team	and	therefore	we	were	not	able	to	explore	such	differences	with	the	present	sample.		
9.3.2	Phase	2:	Description	of	Training	Demands		An	understanding	of	the	training	demands	of	athletes	in	a	sport	can	be	investigated	by	examining	the	training	loads	imposed	on	them	by	the	coaching	staff.	Coaches	adjust	specific	aspects	of	training	based	on	their	perception	of	the	team’s	needs	as	they	prepare	for	the	upcoming	competition.	These	adjustments	can	be	related	to	both	longer	(months)	and	shorter	(weeks)	periods	of	time.		Such	adjustments	should	ideally	require	a	systematic	processes	regarding	planning	and	periodization.	Phase	2	of	this	thesis	revealed	that	training	volume	and	intensity	appear	to	decline	across	
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the	season.	Moreover,	these	changes	do	not	seem	to	be	a	result	of	any	clear	pattern	of	a	periodized	program.	The	reason	for	such	a	decline	is	uncertain	at	this	time	but	such	trends	have	been	observed	previously	in	team	sports	(Malone	et	al,	2015).	It’s	possible	that	coaches	and	performance	staffs	are	intuitively	adjusting	training	demands	as	the	players	accrue	fatigue	as	the	season	progresses.	However,	without	measures	of	fatigue	or	markers	of	muscle	damage,	it	is	difficult	to	say	what	type	of	consequences	these	observed	decrease	in	training	volume	and	intensity	may	have	on	the	fitness-fatigue	relationship.	In	addition,	this	insight	into	the	training	process	is	only	specific	to	on-field	training	activities	and	thus	may	not	provide	a	complete	overview	of	all	training	demands.	It	is	common	for	American	footballers	to	spend	time	in	the	gym	completing	additional	strength	and	conditioning	activity.	As	this	training	has	been	omitted	in	this	thesis	future	research	should	seek	to	include	gym-based	sessions	in	the	evaluation	of	total	training	load.		A	final	consideration	is	that	the	structure	of	training	explored	within	this	study	is	specific	to	one	out	of	thirty-two	NFL	teams	and	may	not	reflect	the	periodization	strategies	adopted	by	coaches	at	other	clubs.		At	the	weekly	microcycle	level,	a	periodization	structure	similar	to	that	previously	observed	in	other	sports	was	discovered.	American	football	coaches	appear	to	decrease	training	load,	at	different	rates	of	training	decline	for	different	positions,	as	the	week	progresses	towards	match	day.	This	decrease	is	training	load	occurs	from	different	time	points	within	the	week	as	different	position	groups	seem	to	experience	different	peak	training	days.	Such	variety	may	indicate	that	coaches	are	more	concerned	with	
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tactical	periodization	and	teaching	the	players	the	playbook	for	the	upcoming	match	rather	than	considering	the	physical	ramifications	of	their	program.			In	light	of	such	findings	it	is	possible	to	consider	the	traditional	concept	of	periodization	in	American	football	needs	to	be	reconsidered.	The	coaching	staff	studied	within	this	investigation	utilized	a	plan	that	emphasized	training	for	different	position	groups	on	specific	days,	which	varies	for	positional	groups,	directed	towards	tactical	requirements.	This	may	be	an	overly	rigid	approach	to	weekly	planning	that	is	effectively	unidimensional	in	its	considerations	to	team	preparation.	Such	strategies	may	prove	to	be	challenging	from	an	athlete	health	standpoint	given	that	players	may	recover	from	game	day	at	different	rates	(Fullagar	et	al.,	2017)	and	not	be	ready	to	be	exposed	to	different	types	of	load	at	different	times.	Rather	than	having	a	standard	weekly	training	template,	as	coaches	appear	to	have,	it	may	be	more	useful	for	to	adopt	a	flexible	approach	to	weekly	periodization	(Kiely,	2012)	whereby	the	most	intense	training	day	of	the	week	is	allowed	to	fluctuate	based	on	the	team’s	recovery	from	the	previous	competition.	This	type	of	approach	would	therefore	allow	coaches	to	teach	the	necessary	tactical	components	to	prepare	the	team	for	the	upcoming	opponent	while	obeying	the	dose-response	relationship	of	training.	Such	an	approach	requires	further	investigation	with	regards	to	the	implications	this	may	have	not	only	on	decreasing	injury	outcomes	but	also	on	team	performance.		
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9.3.3	Phase	3:	Consequence	Training		The	physically	demanding	nature	of	the	sport	is	reflected	in	the	fact	that	the	risk	of	injury	in	American	football	is	higher	compared	to	other	team	sports	(Hootman	et	al.,	2007).	Ideas	discussed	in	the	above	section	have	also	provided	a	rationale	for	how	the	training	loads	that	are	completed	by	the	team	could	also	be	implicated	in	this	high	injury	rate.		Phase	3	of	this	thesis	provide	information	regarding	the	risk	of	injury	during	American	football	training.	Specifically,	sessions	with	higher	amounts	of	either	Player	Load	or	ImpactsVeryHigh	appear	to	increase	the	risk	of	injury	within	the	training	session.	From	a	practical	perspective,	such	information	may	allow	practitioners	to	plan	training	sessions	that	limit	the	amount	of	to	such	volumes	or	intensities	of	training.			The	present	research	provides	a	basis	for	understanding	injury	risk	as	it	relates	to	external	training	load	for	one	NFL	club.	However,	it	is	important	to	point	out	that	this	study	was	conducted	on	training	injuries	only	and	such	a	study	is	retrodictive	in	nature,	i.e.	it	provides	a	historic	account	of	how	injuries	occurred,	and	lacks	the	predictive	ability	to	forecast	injury	risk	prior	to	the	training	session	taking	place.	Given	the	multi-faceted	nature	of	injury,	more	variables	are	required	to	understand	the	true	risk	of	injury	and	gain	a	full	picture	of	the	training	process.	For	example,	understanding	the	internal	response	to	the	training	session	performed	and	the	daily	wellness	of	the	athletes	may	be	useful	for	evaluating	fatigue,	which	could	influence	injury	risk	in	subsequent	sessions.	Additionally,	other	intrinsic	factors	such	as	
	 211	
prior	injury	history,	age,	and	positional	group	could	be	useful	for	identifying	a	link	to	future	injury.	Collectively,	such	information	could	be	used	to	build	more	specific	predictive	modeling	of	injury,	which	may	require	more	specific	statistical	approaches	that	can	handle	the	non-linear	relationships	between	such	a	broad	variety	of	intrinsic	and	extrinsic	factors	(Meeuwise	et	al,	2007;	Bittencourt	et	al.,	2016).		
9.4	Future	Research		In	light	of	the	findings	contained	within	this	thesis,	a	number	of	future	research	opportunities	may	be	relevant	to	further	understanding	the	demands	of	American	football	training.		
9.4.1	Determining	the	Effectiveness	of	Inertial	Sensor	
Devices	to	Identify	Specific	Movements	in	American	Football		The	uncertainty	around	the	extent	that	inertial	sensor	devices	can	detect	specific	movements	suggests	that	future	research	should	attempt	to	complete	investigations	that	help	identify	what	specific	movements	these	metrics	may	be	measuring	in	American	football.		This	type	of	research	could	be	done	by	(i)	identifying	specific	movements	completed	by	all	players	and	evaluating	these	in	isolation	or	(ii)	by	examining	specific	movements	completed	by	certain	positions.	Potential	studies	in	this	area	would	include:		
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i)	Evaluation	of	an	inertial	sensor	analysis	specific	to	throwing	A	more	specific	evaluation	of	the	inertial	sensor	variables	contained	within	this	thesis	is	required	to	determine	their	use	for	evaluating	the	movement	demands	at	the	QB	position.	Such	a	study	requires	the	capture	of	throwing	movements	in	a	controlled	laboratory	setting	using	both	inertial	sensors	and	high-speed	motion	capture.	Data	from	the	inertial	sensor	variables	would	need	to	be	evaluated	with	respective	to	the	torso	movements	taking	place	during	various	throwing	actions	recorded	from	the	motion	capture	so	that	a	‘throwing	signature’	can	be	detected	within	the	data.	This	‘throw	signature’	could	then	be	used	develop	a	metric	that	is	able	to	categorize	throw	intensities.	Such	a	methodological	study	would	then	need	to	be	followed	up	with	on-field	research,	conducted	during	actual	training	sessions.	Using	the	inertial	sensors	and	video	footage	the	‘throw	signature’	algorithm	could	be	critically	evaluated	to	ensure	that	it	is	correctly	classifying	throwing	movements	during	training.		
ii)	The	development	of	linemen	specific	metrics	The	OL	and	DL	produce	unique	movements	within	the	sport	of	American	football.	Their	actions	are	non-locomotor	in	nature	and	occur	within	a	confined	space	of	movement	as	the	OL	creates	a	wall	of	protection	for	the	QB	and	the	DL	attempt	to	breach	that	wall.	The	present	results	show	that	the	inertial	sensor	technology	is	able	to	provide	a	general	measure	of	training	load	for	these	position	groups,	although	a	more	discrete	measure	is	currently	lacking.	This	study	would	need	to	be	set	up	in	a	controlled	environment	where	offensive	and	defensive	linemen	can	compete	against	
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one	another	in	a	fashion	similar	to	what	takes	place	during	training	and	competition.	The	inertial	sensor	trace	could	be	used	to	identify	a	brief	period	of	non-movement	(i.e.,	before	the	ball	is	snapped)	and	then	the	movement	actions	after	that	non-movement	phase	where	the	players	come	out	of	their	stance	and	collide	with	each	other.	For	defensive	linemen,	a	metric	could	be	developed	to	identify	the	force	at	which	they	come	out	of	their	stance	and	make	impact	with	the	offensive	linemen.	Opposite	to	that,	the	offensive	linemen	would	require	a	metric	that	identifies	the	way	in	which	they	receive	force	from	the	defensive	lineman	and	are	pushed	back.	Collectively,	such	measures	could	be	used	to	provide	a	count	of	these	collision	actions	that	are	specific	to	the	positional	demands.		
9.4.2	The	Use	of	Differential	RPE	in	American	Football	
	Perceptual	responses	in	American	football	were	found	to	exhibit	inter-individual	differences	that	may	indicate	that	athletes	perceive	training	demands	in	different	ways.	Reasons	for	this	may	be	due	to	individual	physical	or	psychological	requirements	specific	tactical	demands.	Future	investigations	into	the	utility	of	dRPE	are	warranted	to	gain	perspective	on	the	specific	training	related	demands	that	influence	the	athlete’s	perception.	Prior	research	into	dRPE	has	evaluated	scales	for	breathlessness,	lower	bod	exertion,	upper	body	exertion,	and	psychological	strain	(McLaren	et	al,	2018).	Given	the	unique	positional	demands	of	American	football,	dRPE	scales	should	be	designed	to	record	the	player’s	perceptions	of	the	locomotor	activity,	physicality	and	collisions,	and	psychological	effort	
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occurring	during	training.	This	type	of	research	project	should	be	conducted	on	training	days	where	the	coaches	have	specific	goals	(e.g.,	tactical,	physical,	or	psychological)	to	evaluate	the	face	validity	of	such	measurements.	
	
9.4.3	Periodization	Strategies	Across	the	NFL	
	The	data	contained	within	this	thesis	is	specific	to	a	single	NFL	football	club	and	therefore	reflects	the	strategies	unique	to	that	coaching	staff.	A	more	thorough	investigation	of	periodization	and	planning	strategies	across	the	NFL	is	required	to	better	understand	these	practices	at	the	highest	level.	A	study	of	this	nature	could	be	conducted	by	circulating	an	anonymous	questionnaire	to	all	32	head	coaches	within	the	league	asking	about	their	approach	to	planning	both	weekly	and	seasonal	training	for	their	team.		
9.4.4	The	Physical	Consequences	of	Training	Demands	
Relative	to	Fitness	and	Fatigue	
	Research	contained	in	this	thesis	suggests	that	training	decreases	across	the	competitive	season.	The	consequences	of	such	changes	in	training	are	currently	unknown	and	may	have	implications	towards	declines	in	performance	or	increased	injury	risk.	The	application	of	sub-maximal	fitness	testing	(Thorpe	et	al.,	2015),	jumping	testing	(McLean	et	al.,	2010),	or	musculoskeletal	screening	(e.g.,	hamstring	range	of	motion,	groin	strength)	
	 215	
(Esmaeili	et	al.,	2018)	have	been	employed	on	a	weekly	basis	within	other	competitive	sports.	Such	approaches	should	be	explored	in	American	football	to	understand	if	the	yearly	training	plan	is	appropriate	for	maintaining	athlete	fitness	across	the	season	while	mitigating	large	increases	in	fatigue.		
9.4.5	Forecasting	Injury	Risk	in	American	Football	Players		The	present	thesis	provided	an	initial	understanding	of	the	relationship	between	training	load	and	injury	risk.	However,	injury	is	multi-faceted	and	related	to	a	number	of	interactions	between	both	intrinsic	and	extrinsic	variables	(Meeuwise,	2007).	Future	research	should	seek	to	incorporate	these	variables	into	a	more	holistic	model	of	injury	within	the	sport.	To	handle	such	interactions,	some	of	which	may	be	non-linear,	and	the	fact	that	the	group	of	interest,	the	injury	group,	is	often	under-sampled	relative	to	the	non-injured	group,	new	statistical	approaches	should	be	undertaken.	Such	approaches	would	allow	for	the	classification	of	risk	prior	to	the	training	session,	which	may	then	aid	in	the	alteration	of	training	for	individual	athletes	and	the	fluid	periodization	structure	that	has	been	discussed	in	prior	parts	of	this	thesis.		
9.5	Conclusion		The	aim	of	this	thesis	was	to	examine	the	physical	demands	of	American	football	training	in	the	NFL.	This	thesis	was	written	using	a	“flat”	structure,	
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which	differs	from	the	more	commonly	used	approach	to	a	PhD	thesis.	Using	this	structure,	this	thesis	was	able	to	examine	a	variety	of	pertinent	questions	relevant	to	practitioners	who	are	required	to	examine	the	physical	demands	of	the	sport,	model	training	load	demands	overtime,	and	understand	the	potential	negative	outcomes	(e.g.,	injury)	associated	with	training.	A	key	finding	of	this	thesis	was	that,	while	traditional	velocity	and	distance	based	measures	(GPS)	of	training	may	be	useful	in	sports	with	substantial	locomotor	demands,	the	unique	requirements	of	different	position	groups	within	American	football	make	these	measures	less	applicable.	As	such,	it	is	recommended	that	practitioners	seek	to	understand	training	through	the	use	of	inertial	sensors,	which	offer	more	flexibility	for	capturing	a	wide	range	of	movement	activities.	It	should	be	noted	that,	while	this	thesis	has	accomplished	its	aim	of	beginning	the	journey	into	evaluating	the	demands	American	football	it	merely	scratches	the	surface.	A	substantial	amount	of	future	research	is	required	to	fully	understand	the	sport	and	catch	up	with	the	body	of	knowledge	generated	in	other	team	sports	(e.g.,	AFL,	Rugby,	Association	Football).	Hopefully	this	thesis	provides	scientists	with	a	jumping	off	point	to	investigate	the	sport	more	thoroughly	and	the	“future	research”	section	of	this	thesis	may	provide	a	road	map	in	doing	so.	Finally,	while	this	thesis	was	conducted	on	the	sport	of	American	football,	the	goal	was	to	provide	approaches	that	may	be	useful	across	the	landscape	of	sports	science.	As	such,	several	of	the	statistical	approaches	contained	within	the	chapters	of	this	thesis	may	be	of	value	to	scientists	investigating	other	sports.	For	example,	the	time	series	approach	to	periodization	(Chapter	7)	offers	a	new	way	of	evaluating	training	demands	across	a	
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training	program	or	season	and	may	assist	those	looking	to	understand	the	dose-response	relationship	to	training	more	explicitly.	Collectively,	the	knowledge	generated	from	this	thesis	is	novel	given	such	a	paucity	of	research	within	the	sport	of	American	football,	however,	the	approaches	to	analysis	taken	here	will	hopefully	have	broader	implications	within	the	area	of	sports	science	research.		
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